residues at the tip, are conserved within the membrane-
proximal regions of RPTPs, including CD45 (Bilwes et al., 1996). Moreover, sequences within this region of CD45 are conserved phylogenetically from shark to human, potentially indicating an important conserved structure and function. These observations suggest a general model for the regulation of RPTPs in which dimerization inhibits phosphatase activity, and consequently function, through symmetrical interactions between the catalytic site and the structural wedge containing the acidic residues (Weiss and Schlessinger, 1998) .
To test this model, we mutated a glutamic acid resi- indicated an essential role for the structural wedge in the negative regulation of RPTP␣ activity by dimerization (Jiang et al., 1999). Cells in which dimeric RPTP␣ was introduced into the extracellular domain of CD45 adja-"trapped" with an engineered disulfide linkage exhibited cent to the transmembrane domain, so that if they form, increased phosphorylation of Y527 of Src, the substrate homodimers of CD45 would be stabilized through an for RPTP␣, demonstrating dimerization-induced inhibiintermolecular disulfide bond. This strategy has been tion of RPTP␣ activity; significantly, mutations in the employed to demonstrate ligand-dependent dimerizastructural wedge restored activity to RPTP␣ dimers. tion of the EGFR (Sorokin et al., 1994) , and has also These experiments supporting the model for dimerizabeen utilized to detect constitutive homodimers of tion-mediated negative regulation of RPTPs by the in-RPTP␣ (Jiang et al., 1999). 293 cells were transiently hibitory wedge were conducted ex vivo using modified transfected with empty expression vector (Vec) or exRPTPs. One prediction derived from these studies is pression constructs for CD45 with a linker either conthat mutation of the inhibitory structural wedge in vivo taining a cysteine residue (Cys) or not (WT) (Figure 1 ). will lead to inappropriate RPTP activation under normal Western blotting with anti-CD45 antibody of whole-cell dimerizing conditions. In the case of CD45, such dysreglysates demonstrated that CD45 containing either linker ulated activity would cause inappropriate src-kinase acis present as a monomer under reducing conditions (Figtivation, with potentially pathological consequences. ure 1, left). However, under non-reducing conditions, Here, we report the phenotype of "knockin" mice in CD45 containing the cysteine-linker forms dimers as which a single critical glutamate in the inhibitory strucwell as monomers (Figure 1, right) . Thus, homodimers tural wedge of CD45 has been mutated to arginine (CD45 of full-length CD45 can be detected and may be subject E613R). CD45 E613R mice appear normal during the to negative regulation by the inhibitory wedge. first few months of life; however, they subsequently develop a lymphoproliferative syndrome with apparent polyclonal T and B lymphocyte activation, and severe Generation of CD45 E613R Knockin Mice autoimmune nephritis with autoantibody production. As Previous studies with the EGFR-CD45 chimera indicated a result, these mice die prematurely. The dramatic phethat mutation of glutamate 624 to arginine within the notype of CD45 E613R mice demonstrates the in vivo inhibitory wedge of human CD45 eliminates negative importance of negative regulation of CD45 by dimerizaregulation of CD45 by dimerization (Majeti et al., 1998). tion, supporting the model for regulation of CD45, and
To study the role of dimerization-mediated inhibition in RPTPs in general.
vivo, the homologous residue in the mouse, glutamate 613, was mutated to arginine (E613R) through a genetargeting knockin strategy. Using a genomic fragment Results containing glutamate 613 of murine CD45, the E613R mutation was introduced, and a loxP-flanked neomycin-
Identification of Full-Length CD45 Homodimers
The experiments supporting the model for dimerizationresistance cassette was inserted into the downstream intron ( Figure 2A ). Transfection of this construct into mediated negative regulation of CD45 by the inhibitory wedge were conducted with a chimeric EGFR-CD45 129-derived ES cells targeted the endogenous CD45 locus by homologous recombination at a frequency of molecule (Desai et al., 1993; Majeti et al., 1998). Homodimeric forms of full-length CD45 have been detected 3 out of 1200 clones ( Figure 2B ). Germline transmission was achieved after microinjection of 2 of these clones. through chemical cross-linking and sucrose gradient centrifugation of cellular lysates (Takeda et al., 1992) .
The two mutant mouse lines were subsequently bred to ␤-actin Cre transgenic mice to eliminate the neomycinTo further explore the dimerization potential of CD45, a short linker sequence containing a cysteine residue was resistance cassette (Figures 2A and 2B ). An additional Figure 4D ). Higher power examination demonstrated the normal mixed cellular composition of the interfollicular and medullary areas in wild-type lymph nodes ( Figure 4E) ; however, a marked increase in plasmacytoid cells within the background of normal mixed cells was observed in enlarged lymph nodes from CD45 E613R mice ( Figure 4F ). This histological picture charac- 
Autoimmune Lupus Nephritis with Autoantibody Production in CD45 E613R Mice
In the course of analyzing mice presenting with lymphadenopathy, it was observed that their kidneys appeared grossly pale and shrunken. Histological analysis of kidney sections derived from these mice demonstrated interstitial nephritis characterized by the presence of numerous mononuclear cells, tubular epithelial cell injury, interstitial fibrosis, and edema ( Figure 7B ). Some dilated tubules contained proteinaceous casts. The glomeruli exhibited increased cellularity, thickened capillary loops, and an increase in mesangial matrix; in addition, karyorrhexis was noted in a segmental pattern ( Figure 7D ). Positive silver staining in mesangial areas indicated the presence of increased matrix ( Figure 7F ). Silver staining of the glomerular basement membrane showed "double contours" with pink staining material between the two contours consistent with the presence of protein deposits ( Figure 7F ). These findings were not observed in control mice ( Figures 7A, 7C , and 7E). Electron microscopy was performed to further analyze the glomeruli of CD45 E613R mice. Numerous subendothelial and mesangial deposits were identified, along with widespread epithelial cell foot process effacement ( Figure 7H ). Wild-type mice showed some patchy regions of foot process coarsening and small mesangial deposits, but no subendothelial deposits ( Figure 7G ). Together, these light and electron microscopy findings support a pathological diagnosis of diffuse membranoproliferative glomerulonephritis in CD45 E613R mice.
In an attempt to identify the protein deposits within the glomeruli of CD45 E613R mice, kidney sections from wild-type and mutant mice were stained with FITClabeled anti-mouse IgG and analyzed by immunofluorescence microscopy. The glomeruli of wild-type mice did not stain for IgG ( Figure 7I ). In contrast, the mutant glomeruli exhibited diffuse granular staining of capillary loops ( Figure 7J) , establishing that the deposits seen on both light and electron microscopy represent immune complexes. Although the serum IgA levels in the mutant mice were elevated ( Figure 6A ), no IgA deposits were found in their glomeruli (data not shown).
Immune complex-mediated glomerulonephritis as de- type mice had positive titers for anti-dsDNA antibodies; however, 25% of heterozygous and 63% of homozygous mised renal function may develop in these mice. Renal mutant mice were positive with similar average titers damage was confirmed by the discovery of significant ( Figure 8A ). Positive titers were detected in homozyproteinuria in several older mutant mice. In order to gotes as early as 9 weeks of age and in heterozygotes characterize the kinetics and severity of renal disease, at 18 weeks. Thus, CD45 E613R mice spontaneously proteinuria in a cohort of young mice was followed (Figdevelop autoimmunity characterized had developed proteinuria. Proteinuria was observed in tory dimerizing conditions, resulting in inappropriate lymphocyte activation with pathological consequences. both female and male mutant mice at a similar frequency. Finally, some CD45 E613R mice developed oliHere, we report the phenotype of mice with a single point mutation, glutamate 613 to arginine, engineered guria and subsequently died, suggesting renal failure leading to death.
into the putative inhibitory wedge of CD45. Glutamate 613 was selected for mutagenesis based on in vitro During necropsy analysis of some CD45 E613R mice observed to be extremely thin and lethargic, they experiments, indicating that this residue is critical for negative regulation of CD45 by dimerization. The CD45 were noted to have massively enlarged stomachs full of undigested food. Histological analysis of the stomach E613R mutation has no overt effect on lymphocyte development, but causes a lymphoproliferative syndrome and gastrointestinal tract, including gut-associated lymphoid tissue, identified no abnormalities (data not with apparent polyclonal T and B lymphocyte activation, gastric retention, and severe autoimmune nephritis with shown). To date, no examination of gastric structure or function has been found to be abnormal in these mice; autoantibody production. As a result, these mice die prematurely. The dramatic phenotype of CD45 E613R however, this phenotype is still being investigated. Strikingly, this gastric retention was observed only in female knockin mice supports our model for negative regulation of CD45 by dimerization. CD45 E613R mice, all of which had significant renal disease. No abnormalities were noted in heart, lung, Mechanistic consideration of the model predicts that dimerization of CD45 will result in inappropriate CD45 pancreas, liver, skin, or peripheral joints in any mutant mice (data not shown).
activation not only in mice homozygous for CD45 E613R, but also in mice heterozygous for this mutation. CD45 CD45 E613R heterozygous and homozygous mice develop multiple pathologies including lymphoproliferadimers in heterozygotes are expected to possess half the CD45 activity found in homozygotes, potentially tion, autoimmune nephritis leading to renal failure, and gastric retention leading to malnutrition. As a conseleading to delayed kinetics or a less severe phenotype. This is indeed the case, as we have observed delayed quence, these mice die prematurely ( Figure 8C ). The first homozygote death occurred at 15 weeks while the onset of identical pathology in heterozygotes as seen in homozygotes, including premature death. These obfirst heterozygote death was not observed until 31 weeks. By 50 weeks of age, no wild-type, but 25% of servations indicate that CD45 E613R functions as a genetically dominant mutation. heterozygous and 43% of homozygous mutant mice had died. indistinguishable from those of wild-type mice (data not the cell type subject to regulation by CD45 dimerization, including non-lymphocytes. shown), and so failed to identify the affected cell type. Furthermore, we have found no evidence for activation of any src-kinase, including Lck, from CD45 E613R mice, Regulation of CD45 Dimerization using an antiserum that specifically detects activated Dimeric forms of CD45 have been detected (Figure 1 ), src-kinases (data not shown). Since we are uncertain indicating that it is possible for CD45 to form dimers. which of the polyclonal cells might be subject to the One potential means of regulating CD45 dimerization is effects of CD45 dimerization and cannot synchronously through interaction with a ligand, or perhaps differential modulate CD45 dimerization, it is not too surprising that interaction of a ligand with the various isoforms of CD45. we could not detect changes in src-kinase activity. HowTo date, numerous attempts have failed to definitively ever, when CD45 function is synchronously modulated identify any ligand for CD45, though they do not rule by dimerization of the EGFR-CD45 chimera, inhibition out its existence. Another possible mechanism for reguof known functions of Lck is evident (Majeti et al., 1998) . lating CD45 dimerization is differential spontaneous homodimerization of CD45 isoforms. The identification of We are currently using genetic approaches to identify observed. These results suggest that the wedge is structurally conserved within the family of RPTPs and may Whatever the mechanism that regulates CD45 dimerization, we hypothesize that CD45R0 dimerizes substanalso have a conserved function. However, the symmetrical inhibitory interaction betially and, consequently, is subject to negative regulation by the inhibitory wedge. We propose a model in which tween the wedge and the catalytic site detected in the dimeric crystal structure of RPTP␣ D1 was not observed activated T cells, over the course of several days following stimulation, switch from expression of CD45RA ϩ isoin the structures of RPTP D1 or LAR. In fact, only monomers were detected in both of these structures. On forms to CD45R0; CD45R0 then forms inactive dimers which contribute to the cessation of the primary T cell this basis, these authors have suggested that inhibitory dimers of RPTP and LAR may not form. However, as response.
In Which Cells Does
crystal For hematoxylin and eosin or PAS-Jones staining, tissue fragments were fixed in 10% formalin for a minimum of 24 hr and were subsequently embedded in paraffin, sectioned, and stained using stanExperimental Procedures dard techniques. For immunofluorescence, tissue fragments were embedded in OCT, flash-frozen in liquid nitrogen, and sectioned CD45 Dimerization Assay with a cryostat. Sections were stained with sheep anti-mouse IgG-A short amino acid linker consisting of either GAGAGAGA (wt) or FITC (The Binding Site) at 1/50 dilution. For electron microscopy, GAGAGCGA (Cys) was introduced into the cDNA of murine tissue fragments were fixed in glutaraldehyde for a minimum of 24 CD45RABC after asparagine 550 using standard recombinant DNA hr; electron micrographs were prepared using standard procedures. techniques. These modified CD45 proteins were expressed in HEK 293 cells using the pCDEF3 expression vector by transient transfection using calcium phosphate. After 48 hr, the cells were harvested Serum Processing and ELISA and lysed in standard lysis buffer ϩ 10 mM iodoacetamide (Majeti Serum was prepared from blood harvested by cardiac puncture at et al., 1998). Whole-cell lysates were mixed with 2ϫ SDS sample the time of sacrificing. Serum immunoglobulin levels were deterbuffer either with (reducing) or without (nonreducing) 0.5% ␤-ME, mined by enzyme-linked immunosorbent assay (ELISA) using an and analyzed by SDS-PAGE and Western blotting as described immunoglobulin isotyping kit (Southern Biotech) and standards previously (Majeti et al., 1998). Antibody to murine CD45 (#476) was (Southern Biotech) as per the manufacturer's protocol. IgG antiboda generous gift from M. Thomas, St. Louis.
ies to dsDNA in sera from individual mice were measured by ELISA as described (Wofsy and Seaman, 1985 
